We have studied Coulomb-blockade effects through a quantum dot formed by an impurity potential near a two-dimensional electron gas (2DEG) defined at a GaAs/Al"Ga& As heterojunction. We have compared the energy-level spacing within the quantum dot obtained by two methods: from the magnetic-field-induced gate-voltage shifts of the conductance peaks, and by applying a source-drain voltage across the dot. The use of the latter method in a magnetic field allows us to distinguish between charging and confinement effects, although the structure in the nonlinear excitation spectrum requires careful interpretation. As the number of electrons in the dot decreases, the barriers connecting the dot to the 2DEG thicken and the area of the dot decreases, giving rise to an increased charging energy that has been measured directly. After the final Coulomb-blockade conductance peak, we estimate that there are 20 electrons in the dot.
INTRODUCTION
The Coulomb blockade (CB) of single-electron tunneling was first observed' in semiconductors in transport measurements through a quantum dot formed between impurities in a Si device. To gain some control and reproducibility over the CB effect, lithographically defined quantum dots similar to those first investigated by Smith et aI. were produced in a high-mobility twodimensional electron gas (2DEG) formed at a GaAs/Al"Ga& "As heterojunction.
In investigations of disordered systems, Coulomb-blockade oscillations have been observed through dots which are formed when repulsive scattering centers have been deliberately introduced into a narrow one-dimensional channel to break the electron gas up into segments. In this paper we report the observation of CB conductance oscillations through a dot formed by an impurity near to the 2DEG, and controlled by a simple split-gate device defined over the GaAs/Al Ga& As heterojunction. Although we do not have precise control over the height of the tunnel barriers in such a device, we shall show that the resulting quantum dot may contain fewer electrons than its lithographically defined counterparts.
Before presenting the results we shall review how, if there are n electrons in the dot, the quantum confinement energies E, modify the standard Coulomb charging picture.
In the classical picture of the Coulomb-blockade effect, an energy greater than e /Cz (where Cz is the total capacitance of the dot) is required to increase the charge on the dot by e. Transport through the dot is allowed when (a)- Fig. 3 shows the use of a magnetic Geld to tune the relative separation of the energy levels at constant temperature T. Fig. 4(a) the zeros between the conductance peaks corroborates the observation that the total capacitance Cz decreases towards pinch-off. Figure 1 shows the differential conductance 6(V ) measured at temperatures up to 640 mK. The zeros between adjacent CB peaks depend on the ratio (e /Cz) /k~T and due to the decrease of e /C& on going to more positive V the conductance zeros in Fig. 1 show an increasing sensitivity to temperature.
The straight lines defining the boundaries of the Coulomb gap show that the charging of the dot can be 1.5 pS. Fig. 8 remained unaffected, whereas the fine structure that we attribute to b, E"(B)could no longer be resolved.
Evidence that breakdown is not occurring comes from our ability to distinguish charging effects beyond the gap that are not field dependent. Careful examination of Fig.   8 shows that the energy required to put a second electron onto the dot is independent of the magnetic field. At zero magnetic field this process occurs at -2.8 mV, and at 1.1 T it has followed the shift of the gap and occurs at -3.2 mV. Relative to the onset of conduction at the gap edge, it costs -2 meV ( = Uz 3) to put the second extra electron onto the dot.
If breakdown does not occur, then the nonlinear structure observed here and by others' requires some theoretical explanation. 
CONCLUSIONS

